Purpose Fibrocytes (FC) are bone marrow-derived progenitor cells that are more abundant and infiltrate the thyroid and orbit in Graves orbitopathy (GO). FCs express high levels of thyrotropin receptor (TSHR) and insulin-like growth factor-1 receptor (IGF-1R). These receptors are physically and functionally associated, but their role in GO pathogenesis is not fully delineated. Treatment of FCs with thyroid stimulating hormone (TSH) or M22 (activating antibody to TSHR) induces the production of numerous cytokines, including tumor necrosis factor α (TNFα). Teprotumumab (TMB) is a human monoclonal IGF-1R blocking antibody currently in clinical trial for GO and inhibits TSHR-mediated actions in FCs.
Introduction
Fibrocytes are bone marrow-derived progenitor cells of the monocyte lineage [1] . They normally constitute less than 1% of circulating leukocytes [1] . In conditions of inflammation and fibrosis, fibrocytes emerge from the bone marrow and can comprise up to 15% of circulating leukocytes [2] [3] [4] . Fibrocytes have a distinct phenotype as they express both leukocyte and fibroblast surface markers [5] . Functionally, fibrocytes have both the proinflammatory properties of leukocytes as well as tissue remodeling capabilities of fibroblasts, making them excellent mediators of inflammation. Fibrocytes migrate to sites of tissue injury in response to chemokines [1, 6, 7] and regulate site-specific inflammation and fibrosis through antigen-specific T cell stimulation [8] , cytokine production [9] , extracellular matrix remodeling [10] , and differentiation into other cell types such as adipocytes and myofibroblasts [11, 12] . Fibrocytes have been implicated in a myriad of inflammatory and fibrotic conditions in the lung [2, 3, 7, 13] , liver [14] , kidney [15] , heart [16] , vasculature [17, 18] , joints [19] , and skin [20, 21] . Accumulating evidence suggests that they also play an important role in the pathogenesis of Graves disease (GD) and Graves orbitopathy (GO).
Graves disease is an autoimmune condition in which autoantibodies bind to the thyrotropin receptor (TSHR) on thyrocytes, leading to increased thyroid hormone production. A subset of patients with GD also develop extrathyroidal manifestations, such as the enlargement of orbital soft tissues as observed in GO. The pathogenesis of GO is incompletely understood [22, 23] . The principal effector cell responsible for the anatomical changes in GO is the orbital fibroblast (OF), which are CD34 positive and analogous to fibrocytes [22, 24, 25] . Two autoantigens seem to be critical for the aberrant activation of OFs in GO: TSHR, and the insulin-like growth factor-1 receptor (IGF-1R) [22, 23] . These two receptors have a close physical and functional relationship. Immunofluorescence and immunoprecipitation studies show that they form a physical complex in thyrocytes and OFs [26] . IGF-1R mediated signaling enhances the cell proliferative effects of TSH or TSHR activating antibodies [27, 28] . On the contrary, interrupting IGF-1R signaling with IGF-1R blocking antibody or a dominant negative receptor mutant can attenuate TSHR downstream signaling in OFs [26, 29] . Interestingly, both of these receptors are overexpressed in fibrocytes [30] [31] [32] . Moreover, fibrocytes are more abundant in the peripheral circulation of patients with GD, especially those with severe GO [31] . Together, this suggests that TSHR and IGF-1R signaling in fibrocytes may contribute to the pathogenesis of GO.
Fibrocytes are absent in healthy orbits [31] . However, circulating fibrocytes can infiltrate the thyroid and orbit in GD and GO [31, 32] . Once in the orbit, fibrocytes can differentiate into myofibroblasts and adipocytes, synthesize extracellular matrix proteins, and produce cytokines [12] . A proinflammatory cytokine milieu plays a crucial rule in the activation of OFs [22, 33, 34] .
The exuberant production of cytokines by fibrocytes seems to involve TSHR signaling. When treated with TSH or the TSHR activating antibody (M22), which has been shown to be analogous to thyroid stimulating immunoglobulins, fibrocytes produce the cytokines IL-1a, IL-1 receptor antagonist, IL-6, IL-8, IL-12, RANTES, MCP-1, and TNFα [30] [31] [32] . Of these cytokines, TNFα is particularly interesting, as its overproduction has been implicated in numerous human diseases [35] . TNFα has a very broad spectrum of biologic effects, such as inducing the production of adhesion molecules and chemokines in fibroblasts and the recruitment of inflammatory cells to local tissues [35] . TNFα is found in the orbital connective tissue of patients with GO, but not in healthy controls, and its levels of expression correlates with the size of extraocular muscles in GO [34, 36] . TNFα antagonists have shown early promise as a treatment option for GO in small cohorts of patients, although no randomized controlled trials have yet been conducted [37] [38] [39] [40] . Hence, the production of TNFα in fibrocytes may play a critical role in the pathogenesis of GO.
The mechanisms that stimulate TNFα production in fibrocytes is not known. We had previously shown that TSH/M22-induced IL-6, IL-1RA, and IL-12 production in fibrocytes involves the phosphorylation of protein kinase B (also known as Akt), which activates transcription factors such as NF-κB [30, 41, 42] . Further, we demonstrated that the human monoclonal anti-IGF-1R antibody, teprotumumab (RV001, R1507), attenuates TSH/M22-induced Akt phosphorylation and production of IL-6 and IL-8 in fibrocytes [43] . The present study aims to characterize the molecular mechanisms underlying TSH/M22-induced production of TNFα in fibrocytes. Specifically, we interrogated the NF-κB/Akt pathway and the involvement of the IGF1-R signaling pathway.
Methods

Patient samples
Patients with GD (n = 6) were recruited from the Kellogg Eye Center at the University of Michigan. The study was reviewed and approved by the Institutional Review Board of the University of Michigan Health System. Written informed consent was obtained from patients in compliance with policies of the Institutional Review Board of the University of Michigan Health System. Research methods followed the tenets of the Declaration of Helsinki. Healthy controls were obtained from Red Cross filters as described in "Fibrocyte cultures" below.
Fibrocyte cultures
Fibrocytes were generated from peripheral blood mononuclear cells (PBMC) isolated from the blood of the aforementioned patients with GD or from leukocyte reduction filters provided by the American Red Cross. They were then prepared using conditions as previously described [5, 31, 44] . Briefly, PBMCs were isolated by centrifugation over Ficoll-PaquePlus (catalog #17-1440-03; GE Healthcare Bio-Science). After washing, cells were resuspended in Dulbecco's Modified Eagle's Medium (DMEM) supplemented with 10% fetal bovine serum (FBS, Gibco) and 1% penicillin-streptomycin mixture (catalog #15140-122; Life Technologies). Each culture well of a six-well plate was inoculated with 10 7 cells and incubated at 37C in a 5% CO2 atmosphere. After 7 days, cultures were rinsed, and nonadherent cells were removed by gentle aspiration. Medium was changed every 3 days. After 10 to 14 days of cultivation, culture purity was verified to be >90% fibrocytes by flow cytometry. Twenty-four hours before experimental treatments, medium containing 1% FBS was substituted.
Flow cytometry
Peripheral blood fibrocytes were assayed within 24 hours of acquisition from the aforementioned patients and healthy controls. Peripheral blood fibrocytes were delineated according to expression of CD45, CD34 and type-I collagen, as previously described [30, 44] . The following anti-human fluorochrome-conjugated mouse antibodies were added: CD45-PERCP (catalog #347464), CD34-APC (catalog #560940), isotype control-FITC (catalog #555748), isotype control-PercP (catalog #340762), and isotype control-APC (catalog # 555751) from BD Biosciences (San Jose, CA), Collagen type-I-FITC (catalog #FCMAB412) from Millipore (Temecula, CA).
TNFα protein production
Peripheral blood circulating fibrocytes and cultured fibrocytes were treated as indicated in the figure legends with bovine TSH (bTSH, 5mU/ml) from Calbiochem EMD Biosciences (La Jolla, CA), or M22 (1ug/mL, Kronus, Star, ID). In some experiments, cells were pretreated with 500 nM of Akt inhibitor IV (Calbiochem EMD Biosciences, La Jolla, CA), 5 μg/ml of carbobenzoxy-Leu-Leuleucinal (MG132, Cayman, Ann Arbor, MI), or 50 ug/mL of TMB (River Vision Development Corp, NY), for 1 hour before bTSH or M22 stimulation. Intracellular TNFα in circulating fibrocytes from healthy or GD patients was determined after TSH or M22 stimulation. The PBMCs were treated with Golgi stop (catalog #554724; BD Biosciences) 6 hours after bTSH or M22 stimulation. After 12 hours in culture, the cells were centrifuged (500 x g for 5 minutes), washed and resuspended in PBS (DPBS; Life Technologies, Grand Island, NY) containing 2% FBS with 0.1% sodium azide staining buffer. Surface phenotype selection was performed as above. Fibrocytes were permeabilized and fixed with CytoFix/ CytoPerm (catalog # 55472; BD Biosciences) for 20 minutes according to manufacturer instructions and resuspended in 0.1 mL Perm/Wash buffer (catalog #554723; BD Biosciences). Cells were incubated with anti-human TNFα (catalog #340511; BD Biosciences) or isotype control-FITC (cat #555748; BD Biosciences) for 30 minutes. Cells were rinsed and fixed with 1% paraformaldehyde. Analysis was performed using a flow cytometer (LSR II; BD Biosciences). At least 10 6 events were collected. Mean fluorescent intensity (MFI) was calculated as a ratio of sample geometric mean fluorescence and isotype geometric mean fluorescence. Extracellular TNFα production by cultured fibrocytes was assessed by the Luminex analysis. Fibrocytes were treated as indicated in the figure legends, and the media were subjected to TNFα analysis using human Singleplex Bead kits (LHC3011; Life Technologies).
TNFα mRNA expression
TNFα mRNA levels were measured by real-time polymerase chain reaction (PCR) following treatment as indicated in the figure legends. Total RNA was isolated from fibrocytes by using Aurum Total RNA Mini Kit (BIO-RAD Laboratories, CA) and reverse transcribed using a reverse transcription kit (Quantitect Reverse Transcription Kit; Qiagen). Quantitative PCR was performed on a thermocycler (CFX96; Bio-Rad Laboratories, Hercules, CA) using a SYBR Green kit from Bio-Rad with the following primers for TNFα: 5'-GTCTCCTACCAGACC AAG-3' (forward primer); 5'-CAAAGTAGACCTGCCCAGACTC-3' (reverse primer). Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as the housekeeping gene control, using 5'-TTGCCATCAATGACCCCTT-3' (forward primer) and 5'-CGCCCCACTTGATT TTGGA-3' (reverse primer).
Statistical Analysis
Each experiment was performed in triplicate. Unless otherwise stated, data values are reported as the mean ± standard deviation. Statistical analysis was performed using ANOVA with a confidence level of greater than 95%.
Results
TSH and M22 induces TNFα production in healthy and GD fibrocytes
We characterized the effect of TSH or M22 on TNFα production in circulating and cultured fibrocytes. Multiparameter flow cytometry was used to study the circulating fibrocytes, which were defined as the subset of monocytes expressing CD45, type-1 collagen, and CD34. The cultured fibrocytes were derived from PBMCs, which were cultured for 2 weeks into homogeneous and well-differentiated cells. Fluorescence-activated cell sorting analysis shows that unstimulated circulating fibrocytes from healthy ( Fig 1A) and GD (Fig 1B) patients produce negligible amount of TNFα (MFI 1.07 and 1.11, respectively). However, TSH stimulation is associated with significantly higher production of intracellular TNFα, as evidenced by the increase in MFI values (MFI 1.75 and 1.82 Fig 1. TSH and M22 induce TNFα production in healthy and GD fibrocytes. A representative example of FACS analysis shows that unstimulated circulating fibrocytes from healthy (A) and GD (B) patients produce negligible amount of TNFα (MFI 1.07 and 1.11, respectively). TSH stimulation is associated with significantly higher production of intracellular TNFα (MFI 1.75 and 1.82 for healthy and GD fibrocytes, respectively). M22 treatment of circulating healthy (A) and GD (B) fibrocytes is also associated with increased production of intracellular TNFα (MFI for healthy and GD fibrocytes are 1.54 and 1.52, respectively). Luminex analysis shows that TSH increases extracellular TNFα protein production in cultured healthy (C) and GD (D) fibrocytes. TNFα protein production peaks at 12 hours (1311 pg/ml, p<0.0001) (C). Cultured GD fibrocytes show increased extracellular TNFα production after TSH stimulation (from 8 to 799 pg/ml, p<0.0001) (D). for healthy and GD fibrocytes, respectively). M22 treatment of circulating healthy ( Fig 1A) and GD (Fig 1B) fibrocytes is also associated with increased production of intracellular TNFα (MFI for healthy and GD fibrocytes are 1.54 and 1.52, respectively). Healthy ( Fig 1C) and GD ( Fig  1D) cultured fibrocytes treated with TSH also show increased extracellular TNFα production. The TNFα protein level in healthy FCs peaks at 12 hours post-treatment (1311 pg/ml, p<0.0001) (Fig 1C) . Cultured GD fibrocytes also show increased extracellular TNFα production after TSH stimulation (from 8 to 799 pg/ml, p<0.0001). Moreover, TNFα mRNA expression is significantly increased in response to TSH stimulation in cultured fibrocytes, reaching a peak level at 3 hours (301-fold expression, p<0.0001; Fig 2) .
TSH-induced TNFα production in fibrocytes involves Akt and NF-κB
We characterized the role of Akt and NF-κB in TSH-induced TNFα production in fibrocytes by pre-treating the cells with Akt inhibitor IV (AKTi) and NF-κB inhibitor (MG132), respectively (Fig 3) . The inhibitors were added 1 hour before TSH stimulation. AKTi diminishes the stimulatory effect of TSH on TNFα production in both circulating (Fig 3A) and cultured fibrocytes (Fig 3B) . For circulating fibrocytes, both AKTi and MG132 treatment decrease the amount of TSH-induced TNFα production (MFI 2.92 reduced to 1.46 with addition of AKTi and 1.33 with MG132; Fig 3A) . For cultured fibrocytes, TSH-induced TNFα production is reduced by 52% and by 81% after AKTi and MG132 treatment, respectively (TSH-induced TNFα production of 1312 pg/ml is reduced to 612 pg/ml with AKTi and 251 pg/ml with MG132; p <0.0001; Fig 3B) . AKTi treatment also leads to significant reduction in TSHinduced TNFα mRNA expression (from 23-fold to 1.3-fold expression, p <0.0001; Fig 4A) . Similarly, MG132 treatment inhibits TSH-induced TNFα mRNA expression (from 93-fold to 16-fold expression p< 0.001; Fig 4B) . 
TSH/M22-induced TNFα production in fibrocytes is attenuated by TMB
We investigated the impact of blocking IGF-1R signaling on TSH/M22-induced TNFα production in fibrocytes. Both circulating and cultured fibrocytes were pretreated with TMB, a human monoclonal anti-IGF-1R antibody, prior to TSH or M22 stimulation. TMB decreases TSH/ M22-induced TNFα protein production in healthy (from MFI value of 2.92 to 1.91 for TSH; and from 1.67 to 1.12 for M22) and GD circulating fibrocytes (from MFI value of 1.82 to 1.23 for TSH; and from 1.66 to 1.19 for M22) (Fig 5) . TMB also decreases TSH/M22-induced TNFα mRNA expression in cultured healthy (from 141-to 52-fold expression for TSH, p<0.0001; and from 6-to 3-fold expression for M22, p< 0.0001) and GD fibrocytes (from 145-to 75-fold expression for TSH, p< 0.05; and from 27-to 15-fold expression for M22, p<0.01) (Fig 6) .
Discussion
Graves orbitopathy is a disfiguring and potentially vision threatening autoimmune disease. A limited understanding of the pathogenesis of GO has hindered the development of diseasemodifying therapeutic agents [22, 23] . Uncovering the cellular and molecular mechanisms underlying the pathogenesis of GO would facilitate the development of more efficacious treatment options. Current evidence points to TSHR and IGF-1R as two autoantigens that play a central role in the pathogenesis of GO. They form a physical complex [26] , and are functionally intertwined, as antibodies that block IGF-1R signaling can attenuate TSHR downstream signaling [26, 29] . Both receptors are overexpressed by the fibrocytes, which are bone marrow-derived progenitor cells that infiltrate the orbit in GO. In this study, we demonstrate that TSH/M22 induces the production of TNFα in fibrocytes, and that this stimulatory effect is partially dependent on the IGF-1R signaling pathway and can be attenuated by the anti-IGF-1R monoclonal antibody, TMB.
Unstimulated fibrocytes express negligible TNFα. TSH or M22 induces significant levels of TNFα in both healthy and GD fibrocytes. Fibrocytes are absent in healthy orbits but infiltrate the orbit in GO [31] . Interestingly, immunohistochemical evidence shows that TNFα is also present only in orbits with GO, and that it is most likely derived from infiltrating mononuclear cells [36] . While many cell types can produce TNFα, its principal source is monocytes and macrophages [35, 45] . Therefore, fibrocytes, which are of the monocyte lineage, may be a key source of TNFα production in GO once they infiltrate the orbit.
TNFα is a potent proinflammatory cytokine. Its overproduction has been postulated to play an initiatory role in inflammation by triggering a cytokine cascade in several human diseases [46, 47] . Our findings show that TSH/M22-induced TNFα production peaks at 3 hours for mRNA expression, and at 12 hours for protein production. This is much earlier than the effects observed for other cytokines: TSH/M22-induced IL-6 and IL-8 mRNA expression peaks at 12 to 24 hours [30] . The significance of these findings needs to be further investigated. Nevertheless, our observations may be in line with other evidence suggesting that TNFα is at the top of a cytokine cascade. Therapeutic agents that target either TNFα itself (TNFα antagonists) or the mechanisms triggering TNFα production in fibrocytes may interrupt the propagation of the inflammatory response in GO. Anecdotal evidence suggests that the former may be associated with clinical improvement in GO, although no randomized controlled trials have been conducted [37] [38] [39] [40] . To facilitate the development of the latter, this study aimed to understand the mechanisms underlying TNFα production in fibrocytes.
Our findings suggest that TSH-induced TNFα production may be mediated at the transcriptional level in fibrocytes. Both TNFα steady state mRNA and protein levels are increased in response to TSH, and both are diminished when the fibrocytes are pretreated with inhibitors of NF-κB and Akt. Therefore, these transcription regulators appear to play a role in TSH-induced transcriptional upregulation of TNFα in fibrocytes. This is consistent with our previous results showing that both NF-κB and Akt are involved in TSH-induced IL-1RA, IL-6, and IL-12 production in fibrocytes [30, 41, 42] . Also in line with our current findings is the observation that the proximal promoter of the TNFα gene contains a binding site for NF-κB [48] . Therefore, we confirm that TSH-induced cytokine production in fibrocytes involves the NF-κB and Akt pathway.
The IGF-1R signaling pathway also plays a crucial role in TSH/M22-induced TNFα production in fibrocytes. Pretreatment of the cells with the anti-IGF-1R antibody, TMB, attenuates the stimulatory effects of TSH/M22 on TNFα production. This is in agreement with our previous studies demonstrating the inhibitory effect of TMB on TSH-induced IL-6 and IL-8 production and TSH-induced Akt phosphorylation in fibrocytes [43] . Indeed, TMB can also exerts its influence by reducing TSHR and IGF-1R display on fibrocytes [43] . Collectively, the aforementioned evidence serve as the rationale for investigating the role of blocking IGF-1R signaling pathway in the treatment of GO. A multicenter, placebo-controlled, phase II clinical trial (NCT01868997) is currently underway to assess the efficacy of TMB in treating moderate-to-severe active GO.
Our current findings suggest that TMB may be a promising disease-modifying therapy for GO. They further support the model that TSHR and IGF-1R have a functional relationship in the pathogenesis in GO. However, it should be noted that TMB does not completely abolish the stimulatory effect of TSH/M22 on TNFα production. Hence, part of TSHR signaling is likely IGF-1R independent. Future experiments should systemically delineate the complex interplay between the signaling pathways of these two receptors in fibrocytes. This would advance our understanding of the pathogenesis of GO and facilitate the discovery of novel therapeutic agents.
Conclusion
Accumulating evidence supports an important role of the fibrocytes in the pathogenesis of GO. They infiltrate the orbit in GO and can be activated to produce numerous proinflammatory cytokines, thereby influencing site-specific tissue reactivity and propagating the inflammatory response. In this study, we show that the fibrocytes may be a principal source of TNFα, a key proinflammatory cytokine, in GO. TSH/M22 treatment in the fibrocytes may lead to transcriptional upregulation of TNFα, which involves the transcriptional regulators NFkB and Akt. TMB can attenuate TSH/M22-induced TNFα production in fibrocytes. Therefore, we provide in vitro evidence that TMB can modulate the proinflammatory properties of fibrocytes, and is a promising therapeutic agent for GO.
